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The search for molecules that restrict synaptic plasticity in the brain has focused primarily on sensory systems during early
postnatal development, as critical periods for inducing plasticity in sensory regions are easily defined. The recent discovery
that Schaffer collateral inputs to hippocampal area CA2 do not readily support canonical activity-dependent long-term po-
tentiation (LTP) serves as a reminder that the capacity for synaptic modification is also regulated anatomically across dif-
ferent brain regions. Hippocampal CA2 shares features with other similarly “LTP-resistant” brain areas in that many of the
genes linked to synaptic function and the associated proteins known to restrict synaptic plasticity are expressed there. Add
to this a rich complement of receptors and signaling molecules permissive for induction of atypical forms of synaptic po-
tentiation, and area CA2 becomes an ideal model system for studying specific modulators of brain plasticity. Additionally,
recent evidence suggests that hippocampal CA2 is instrumental for certain forms of learning, memory, and social behavior,
but the links between CA2-enriched molecules and putative CA2-dependent behaviors are only just beginning to be made.
In this review, we offer a detailed look at what is currently known about the synaptic plasticity in this important, yet largely
overlooked component of the hippocampus and consider how the study of CA2 may provide clues to understanding the
molecular signals critical to the modulation of synaptic function in different brain regions and across different stages of
development.
Synaptic plasticity during postnatal brain development is critical
for the experience-drivenmaturation of brain circuits. The neona-
tal visual system, in particular, is highly susceptible to disruptions
in sensory experience, which can have profound effects on both
the physiology and morphology of neurons in the developing vi-
sual cortex (Wiesel and Hubel 1965; Hubel et al. 1977). At any giv-
en point during maturation and development, and especially in
the adult, synaptic plasticity varies significantly across many dif-
ferent brain areas. In the context of visual cortical plasticity
(Wang and Daw 2003; Hooks and Chen 2007), layer IV appears
to lose its capacity for synaptic modifications much earlier in de-
velopment than the extragranular layers observed both in vivo
(LeVay et al. 1980; Mower et al. 1985) and in vitro (Crair and
Malenka 1995; Dudek and Friedlander 1996). Additionally, even
in the CA1 region of the rodent hippocampus, which is renowned
for the ease with which it supports induction of long-term synap-
tic potentiation (LTP) in both the adult and neonate (Barnes et al.
1996; Shankar et al. 1998;Malenka and Bear 2004), long-term syn-
aptic depression (LTD) is much more robust in the neonate than
in the adult (Dudek and Bear 1993). Comparing mechanisms of
synaptic plasticity across brain regions is challenging, though,
as principal neurons in the systems being compared often differ
morphologically (i.e., neuronal phenotype) or physiologically
(i.e., patterns of receptor and/or ion channel expression). Such
subtle variations in neuronal physiology clearly have profound ef-
fects on the capacity to induce and sustain lasting synaptic mod-
ifications, and the identification of key regulatory genes, proteins,
and signaling molecules continues to be essential toward under-
standing themechanisms of synaptic plasticity in themammalian
brain. To this end, the traditional approach has been to first iden-
tify the key molecules required for synaptic potentiation or
depression within a single brain region and, second, to determine
whether these same molecules generalize to additional brain ar-
eas. More recently, the study of area CA2 in the hippocampus, a
somewhat neglected region, has uncovered an array of novel
and potentially critical signalingmolecules that regulate synaptic
function. Although principal cells in CA2 bear superficial resem-
blance to those in neighboring CA1 andCA3, CA2 pyramidal neu-
rons are endowed with many unique physiological, molecular,
and genetic characteristics thatmake them ideal candidates for as-
sessing regional differences in molecular signals that modulate
synaptic plasticity.
Early anatomical studies demonstrated area CA2 as being dis-
tinct from other hippocampal subfields (Ramo´n y Cajal 1902;
Lorente de No´ 1934), yet CA2 pyramidal neurons are seldom in-
cluded in circuit diagrams and schematic representations used
to support many modern theories describing hippocampal func-
tion (van Strien et al. 2009). Indeed, area CA2 has traditionally
been viewed as a “transition” zone situated between areas CA3
and CA1, sharing more in common anatomically with area CA3
than with any other region of the hippocampus (Lorente de No´
1934; Woodhams et al. 1993; Ishizuka et al. 1995). Recent evi-
dence, however, has shown that synapses onto pyramidal neurons
in CA2 possessmany unique characteristics not observed in either
CA3 or CA1, and these findings only underscore the importance
of reconsidering the role of hippocampal CA2 in learning and
memory (Fig. 1A).
Considerable evidence indicates that, compared to neurons
in other hippocampal subfields, CA2 pyramidal cells do have dif-
ferent morphological characteristics, intrinsic and extrinsic con-
nections, biophysical and synaptic properties, and patterns of
gene and protein expression. For example, the somata of neurons
in CA2 are typically larger than those found in either CA3 or CA1
(Mercer et al. 2007), andpyramidal cells inCA2 fall into oneof sev-
eral distinct categories based on the unique branching patterns of
their apical dendrites (Bartesaghi and Ravasi 1999). Additionally,
1Corresponding author
E-mail dudek@niehs.nih.gov
Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.025304.111.
19:391–400
ISSN 1549-5485/12; www.learnmem.org
391 Learning & Memory
 Cold Spring Harbor Laboratory Press on February 19, 2020 - Published by learnmem.cshlp.orgDownloaded from 
pyramidal neurons in CA2 receive prominent and selective inputs
from the supramammillary nucleus of the hypothalamus (SuM)
(Kocsis and Vertes 1994; Magloczky et al. 1994; Borhegyi and
Leranth 1997). Although the purpose of this selective innervation
is not entirely clear, itmay play a role inmemory consolidation by
modulating hippocampal excitability (Pan and McNaughton
2004; Shahidi et al. 2004b).AreaCA2also receives direct excitatory
inputs from both layers II and III of the entorhinal cortex
(Chevaleyre and Siegelbaum 2010), and axons of CA2 pyramidal
neurons preferentially target the basal dendritic arbors of neurons
in CA1 (in the stratum oriens) (Mercer et al. 2007), though less
dense collaterals project to the stratum radiatum in CA1 (Mercer
et al. 2007) as well as to the stratum oriens in proximal CA3
(Tamamaki et al. 1988). The intrinsic electrophysiological proper-
ties of pyramidal neurons in CA2 differ significantly from those in
CA1 (see discussion below), and these differences are maintained
across several rodent species including the rat (Zhao et al. 2007),
mouse (Chevaleyre and Siegelbaum 2010), and even the South
American rodent, Proechimys (Scorza et al. 2011). Perhaps most
striking, though, is theobservation that anumberof genes, includ-
ing the regulator ofG-protein signaling 14 (RGS14),Amigo2, PCP4,
TARP5, FGF5, and several adenylyl cyclases (e.g., adcy1, adcy5, and
adcy6), are highly expressed in CA2 (Lein et al. 2005, 2007).
Moreover, both the adenosine A1 receptor (Ochiishi et al. 1999)
and the vasopressin 1b receptor (Young et al. 2006) are highly en-
riched inCA2pyramidal cells. Taken together, thesefindingsdem-
onstrate that areaCA2 canbedistinguishedquite easily fromother
hippocampal subfieldsbasedonanumberof structural,molecular,
and physiological criteria. A reasonable hypothesis, therefore, is
that area CA2may selectivelymediate some of the cognitive func-
tions that have previously been ascribed to other hippocampal
subfields. Conversely, the hippocampus may have been deemed
unnecessary for some forms of learning and memory simply
because area CA2, specifically, had been overlooked.
The limited expression of ‘typical’ synaptic
plasticity in area CA2
Traditionally, the hippocampus has been regarded as a structure
critical for the formation of new declarative memories, and it is
widely accepted that LTP and LTD are cellular correlates underly-
ing the formation, storage, and removal of memories in the hip-
pocampus and, indeed, in other areas of the brain (Bliss and
Lomo 1973; Morris et al. 1990; Dudek and Bear 1992; Abraham
and Williams 2003; Lisman 2003; Malenka and Bear 2004;
Massey and Bashir 2007). As might have been predicted based
on the complement of genes expressed in CA2 (e.g., ptpn5 for
STEP phosphatase) (Boulanger et al. 1995; Pelkey et al. 2002), syn-
aptic plasticity in area CA2 differs dramatically from other hippo-
campal subfields in that Schaffer collateral (SC) projections
originating from CA3 normally fail to support induction of
activity-dependent LTP (Zhao et al. 2007; Figs 1B, 2A,B). This is
in stark contrast to the same SC projections to area CA1 that quite
readily express robust potentiation in response to a myriad of
stimulus induction protocols (Fig. 2C,D). Initial studies demon-
strated that SC inputs to area CA2 were incapable of supporting
LTP following typical induction protocols effective in CA1: specif-
ically, high-frequency (100 or 200 Hz) afferent stimulation in
current clampmode or 3-Hz stimulation paired with the depolari-
zation of CA2 pyramidal cells to 0 mV in voltage clamp mode
(Zhao et al. 2007; Fig. 2A–D). Blockade of protein phosphatases
with okadaic acid or using the perforated patch clamp technique
to prevent dialysis of the intracellular milieu failed to permit
induction of LTP (Zhao et al. 2007). Moreover, no measurable
differences were detected between areas CA1 and CA2 in basal
AMPA- or NMDA-mediated synaptic transmission, EPSC ampli-
tudes,mEPSC frequencies and amplitudes, or paired-pulse facilita-
tion that could account for the lack of activity-dependent LTP in
area CA2. Importantly, induction of LTP in CA2 was still absent
during separate experiments in which GABAA-mediated transmis-
sion was blocked by picrotoxin (Zhao et al. 2007). These findings
are significant because area CA2 has been shown to contain a par-
ticularly dense plexus of parvalbumin-positive axons (Pitkanen
and Amaral 1993;Woodhams et al. 1993;Mercer et al. 2007), sim-
ilar towhat is seen in the later stages of development in visual cor-
tex (Stichel et al. 1987).
The absence of LTP in SC inputs to CA2 had been predicted
by Zhao et al. (2007) based on the high expression of TREK-1
and TREK-2 potassium channels in CA2 relative to other hippo-
campal subfields (Talley et al. 2001). Consistent with the high lev-
els of mRNA for these channels in CA2, the intrinsic biophysical
properties of CA2 pyramidal neurons were found to differ consid-
erably from those in CA1, suggesting initially that differences in
neuronal excitability alone might account for the lack of LTP in
SC inputs to CA2. Specifically, CA2 neurons displayed greater
potassium-mediated leak currents, and as a result, had signifi-
cantly lower restingmembrane potentials, requiredmore depolar-
izing current to initiate action potential firing (rheobase current),
and had a less negative threshold for generating action potentials
relative to cells in CA1 (Zhao et al. 2007; Fig. 2E–H). These differ-
ences in intrinsic excitability alone failed to explain the lack of
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Figure 1. Hippocampal area CA2 is often excluded from circuit dia-
grams illustrating the flow of information through the hippocampus. (A)
The simplified schematic diagram is of a typical coronal section through
the dorsal hippocampus and highlights how area CA2 (shown in red)
fits within the traditional “trisynaptic” circuit. Arrows indicate the
primary direction of information flow through the circuit (D, dorsal; L,
lateral). Granule cells in the dentate gyrus (DG, purple) form synapses
on pyramidal cells in area CA3 via the mossy fibers. In turn, CA3
neurons (green) synapse with neurons in both CA2 and CA1 (blue) via
the Schaffer collaterals. CA2 pyramidal neurons project mainly to the
stratum oriens of area CA1 and synapse onto the basal dendritic arbors
of CA1 pyramidal cells. Note, CA2 axons also branch and project to the
stratum radiatum in CA1, as well as the stratum oriens of proximal CA3,
though these projections are less dense (shown in B). (B) Induction of
activity-dependent LTP differs along the proximal-distal axis of CA2 pyra-
midal neurons. Schaffer collateral projections to the proximal dendritic
compartment of CA2 neurons do not typically support activity-dependent
LTP (green arrow, no LTP). This is in contrast to temporoammonic inputs
from the entorhinal cortex to the distal dendrites of CA2 neurons which
readily express LTP (black arrow, LTP). (so) Stratum oriens; (sp) stratum
pyramidale; (sr) stratum radiatum; (slm) stratum lacunosum moleculare.
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activity-dependent LTP in CA2 neurons; the total number of ac-
tion potentials fired and the amount of membrane potential
depolarization observed during high-frequency tetanic stimula-
tion did not differ between areas CA1 and CA2 (Zhao et al.
2007). More importantly, however, the inclusion of cesium in
the recording pipette, which blocks potassium channels, failed
to restore LTP at SC synapses in CA2. Additionally, no differences
in spike accommodation following suprathreshold current injec-
tion were observed between excitatory neurons in CA1 or CA2.
Thus, like the case for synaptic inhibition, these results suggest
that something other than apparent differences in intrinsic excit-
ability were responsible for the lack of activity-dependent LTP in
SC inputs to CA2.
Several mechanisms have now been identified as severely
limiting activity-dependent LTP at SC synapses in CA2. As princi-
pal cells in CA2 are known to express high levels of some calcium-
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Figure 2. The lack of activity-dependent LTP at Schaffer collateral synapses in area CA2 is due mainly to robust calcium handling in CA2 pyramidal
neurons. (A,B) Pairing 3-Hz afferent synaptic stimulation of the Schaffer collaterals with the depolarization of CA2 pyramidal cells to 0 mV fails to
induce activity-dependent LTP in area CA2. Group data in B show the averaged amplitudes of EPSCs (normalized to baseline) before and after the
pairing protocol (arrow) to induce LTP in CA2 neurons. Bars indicate the mean+SEM in this and subsequent figures. Sample EPSCs shown in A are
from the time points marked by the corresponding numbers in B. (C,D) In contrast, the same pairing protocol induces robust LTP in Schaffer collateral
inputs to area CA1. The intrinsic biophysical properties of neurons in CA2 differ significantly from those in CA1. Relative to pyramidal cells in area CA1, CA2
pyramidal neurons show greater leak currents at holding potentials less than 260 mV (E, red circles, arrow), as well as have a lower resting membrane
potential (F, red bar), higher rheobase current (G, red bar), and lower action potential threshold (H, red bar). Note, stars indicate P, 0.05 in this and
subsequent figures. Data modified from Zhao et al. (2007). Differences in intrinsic excitability alone, however, do not account for the lack of LTP in
CA2 neurons (data not shown). CA2 pyramidal neurons display higher calcium buffering and extrusion relative to cells in CA1. (I) A temporary increase
in the amount of extracellular calcium from 2mM (gray circles) to 10 mM (red circles) for 3 min (indicated by the red bar) permits induction of LTP in CA2
pyramidal cells following tetanic stimulation (200 Hz HFS; arrow) of the Schaffer collaterals. (J) Loading CA1 neurons with a functional analog of the
calmodulin-regulating protein Pep-19 blocks induction of LTP (blue circles). Data modified from Simons et al. (2009).
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regulating proteins, including calbindin (Sloviter 1989; Leranth
and Ribak 1991) and Pep-19 (Ziai et al. 1988), and becauseCA2 py-
ramidal neurons are insensitive to a variety of epileptiform-related
insults, Sloviter (1989) hypothesized that CA2 neurons may have
exceptionally robust calcium handling mechanisms. Because cal-
cium signaling is critical for the induction of activity-dependent
plasticity in other regions of the hippocampus (Lynch et al.
1983;Malenka et al. 1988), it followed that the resistance of SC in-
puts to support induction of LTP may reflect differences in local
calcium handling in CA2. Using two-photon confocal imaging
of dendrites and spines in CA2 pyramidal neurons loaded with a
fluorescent calcium indicator dye, Simons et al. (2009) demon-
strated that evoked calcium transients were significantly smaller
in CA2 when compared to transients evoked in CA1 and CA3 un-
der the same conditions: the average change in free calcium was
only 227 nM in CA2 spines vs. 1055 nM and 1253 nM for CA1
and CA3 spines, respectively. From these data, it was calculated
that CA2 pyramidal neurons had a significantly higher endoge-
nous calciumbuffering capacity (by a factor of nearly four) relative
to neurons in either CA1 or CA3, as well as a significantly higher
rate of calciumextrusion (1235 g,s21 for CA2 vs. 343 g,s21 and 417
g,s21 for CA1 and CA3, respectively). Such tight regulation over
local endogenous calcium in CA2 pyramidal cells could account
for the lack of activity-dependent LTP observed in these neurons
under basal conditions.
To determinewhether the strict regulation of calcium inCA2
spines was the limiting factor that prevented induction of LTP,
free calcium levels in CA2 spines were raised temporarily tomatch
those observed in CA1 spines during tetanic stimulation. Indeed,
a brief increase in the level of extracellular calcium from 2 mM
to 10mMor use of a calciumpump inhibitor permitted induction
of LTP in CA2 to a magnitude similar to the potentiation ob-
served in the same SC inputs to CA1 induced under normal re-
cording conditions (i.e., 2 mM calcium) (Simons et al. 2009;
Fig. 2I). In addition, the calcium-dependent induction of LTP in
CA2 also required activation of NMDA receptors, similar to area
CA1. Together, these data indicated that CA2 pyramidal neurons
possess the intracellular machinery required to support induction
of NMDAR-dependent LTP, but that the higher calcium buffering
and extrusion in CA2 neurons normally prevents such plasticity
from occurring. Although CA2 neurons do not selectively express
high levels of specific calcium pumps or exchangers relative to
other regions in the hippocampus that could account for the in-
creased rates of extrusion observed, they are highly enriched in
the calmodulin-regulating protein Pep-19 (Gerendasy 1999;
Kubota et al. 2008). Pyramidal cells in CA1 do not normally ex-
press high levels of Pep-19, but to test whether Pep-19 regulates
calcium extrusion, Simons et al. (2009) introduced into CA1 neu-
rons a functional analog of Pep-19, camstatin, which successfully
produced a plasticity-resistant phenotype in CA1 similar to pyra-
midal neurons in CA2 (Fig. 2J). Taken together, the results
strongly support the idea that the lack of LTP at the SC to CA2
synapse results primarily from higher endogenous levels of cal-
cium buffering and extrusion in CA2 pyramidal neurons. Based
on these data, we expect that similar mechanisms may limit
the magnitude of LTP in cerebellar Purkinje neurons and in
dentate gyrus granule neurons (via a Pep-19-mediated increase
in calcium extrusion). Calcium-binding proteins have also been
reported to increase during development in the visual cortex
(Hendrickson et al. 1991); however, these proteins are likely
concentrated in interneurons, similar to inhibitory cells in CA2
(Mercer et al. 2007).
In addition to the calcium-regulating mechanisms described
above, recent findings implicate another CA2-enriched protein,
RGS14 (Lee et al. 2010), as playing a critical role in modulating
synaptic plasticity in area CA2. RGS14 belongs to the diverse fam-
ily of RGS proteins that limit G-protein-mediated signaling by en-
hancing GTPase activity to accelerate hydrolysis of GTP to GDP at
active Ga subunits (Vellano et al. 2011). Unique among the RGS
proteins, RGS14 can integrate G-protein signaling with ERK/
MAP kinase pathways to inhibit growth factor receptor responses
(Shu et al. 2010). Even so, the link between RGS14 and calcium
signaling is not obvious, and so it comes as some surprise that ro-
bust LTP was observed at SC synapses in area CA2 in hippocampal
slices prepared from mice lacking the full-length RGS14 protein.
In contrast, little LTP was induced in SC inputs to CA2 in wild-
type controls. Further, deletion of RGS14hadno effect on the abil-
ity to induce LTP at SC synapses in CA1 (Lee et al. 2010).
Consistent with a role for RGS14 as a scaffold of the ERK/MAP ki-
nase signaling pathway, in addition to its GTPase activity, Lee
et al. (2010) found that a MEK inhibitor effectively prevented
the LTP observed in RGS14 knockout (KO) mice, thus mimicking
the plasticity-resistant phenotype typically observed in wild-type
CA2 pyramidal neurons. Together, these findings suggest that,
via its interactions with the ERK1/2 signaling cascade, RGS14
acts to limit induction and expression of synaptic potentiation
in area CA2.
Not all forms of activity-dependent plasticity are absent at SC
synapses in area CA2; short-term facilitatory mechanisms, al-
though generally considered to be expressed presynaptically, are
intact in area CA2 as demonstrated by the ability of SC synapses
to exhibit both paired-pulse facilitation and some short-term
post-tetanic potentiation (Zhao et al. 2007). More interesting,
however, was the observation that low-frequency stimulation
(e.g., 2 Hz for 7.5 min) induced LTD in many, but not all, cases
(Zhao et al. 2007). The mechanisms by which LTP is suppressed
at SC synapses in CA2 while leaving LTD intact in many neurons
is unknown but likely reflects the regulation of intracellular calci-
um in CA2 pyramidal neurons (Simons et al. 2009). It may be ar-
gued, however, that lower levels of intracellular calcium, with
perhaps awider range (Feldman2000),may be sufficient to induce
LTD in CA2 as opposed to LTP. This is supported by the observa-
tion that LTD was occasionally induced in CA2 following high-
frequency tetanic stimulation of SC inputs (Zhao et al. 2007), as
well as in CA1 neurons loaded with camstatin (Simons et al.
2009). These results clearly demonstrate that some types of
activity-dependent plasticity are supported at SC synapses in
area CA2 and suggest that heterogeneity in the expression of plas-
ticity may be a feature of CA2 pyramidal neurons. Additionally,
inputs from layers II and III of the entorhinal cortex that form syn-
apses onto the distal apical dendrites of CA2 pyramidal cells are
surprisingly highly plastic (Chevaleyre and Siegelbaum 2010;
Fig. 1B). This property is notable because CA2 is the only region
of hippocampus in which afferents originating from projection
neurons in both layer II and layer III of the entorhinal cortex ter-
minate, suggesting that the entorhinal cortex may powerfully
control the output ofCA2neurons. Such regulation of CA2output
by the entorhinal cortex may have important implications for
downstream targets of CA2, mainly pyramidal cells located in
area CA1 (Chevaleyre and Siegelbaum 2010; Piskorowski and
Chevaleyre 2012).
Another layer (or two) of plasticity
regulation in CA2
Given the apparent lack of LTP and variability associated with in-
duction of LTD at SC synapses in area CA2, one might conclude
that CA2 is a highly stable component of the hippocampal cir-
cuit, with little part to play in the more plastic functions of the
hippocampus. However, the high expression of specific genes
and proteins in area CA2 that have been linked to cognitive
Synaptic plasticity in hippocampal CA2
www.learnmem.org 394 Learning & Memory
 Cold Spring Harbor Laboratory Press on February 19, 2020 - Published by learnmem.cshlp.orgDownloaded from 
function and to certain social behaviors argues against this con-
clusion (Wersinger et al. 2002; Prediger and Takahashi 2005;
DeVito et al. 2009). Additionally, recent work illustrates that SC
inputs to CA2 are, in fact, highly plastic provided that the correct
“stimulus” is applied. For example, the relatively high expression
patterns for both the vasopressin 1b receptor (Avpr1b) gene and
the adenosine A1 receptor (A1R) are correlated with powerful
and selective effects on the synaptic physiology of SC inputs to
area CA2. Preliminary evidence has been presented showing
that pharmacological activation in vitro of receptors for the social
neuropeptides oxytocin and vasopressin (specifically Avpr1b)
readily induces a long-lasting potentiation of synaptic transmis-
sion in area CA2 (Zhao and Dudek 2010: Zhao et al. 2011).
Additionally, a recent report presents evidence that the high
expression of A1Rs in area CA2 (Ochiishi et al. 1999) is associated
with persistent changes in synaptic efficacy in SC inputs to
CA2 in response to A1R antagonists, including caffeine (Simons
et al. 2011).
Caffeine is a naturally occurring adenosine receptor antago-
nist that is known to act on A1Rs located both centrally and pe-
ripherally (Daly 1982; Daly and Fredholm 1998). Its effects on
blood flow, heart rate, and general cellular metabolism notwith-
standing, caffeine is consumed the world over mainly for its
ability to enhance both attention and cognition. Although caf-
feine is nonselective as an adenosine receptor antagonist, its
primary mechanism of action on cognitive function is thought
to be through blockade of A1Rs in the brain (Daly 1982; Choi
et al. 1988; Deckert et al. 1993; Daly and Fredholm 1998).
Undeniably, specific antagonists of A1Rs enhance the induction
of activity-dependent LTP in the hippocampus (Arai and Lynch
1992), and adenosine, the natural agonist of the receptor, inhib-
its LTP induction and prevents its stabilization in area CA1 (Arai
et al. 1990; Rex et al. 2009). Previous studies, however, focused
exclusively on SC inputs to CA1 neurons, and only recently has
the role of A1Rs in area CA2 been examined in relation to
caffeine-induced cognitive enhancement. Consistent with the
enrichment of A1Rs in CA2, a brief 5-min application of a phys-
iologically relevant concentration of caffeine or other selective
A1R antagonist induced a lasting potentiation of synaptic trans-
mission in CA2 (Fig. 3A), but not in areas CA1 or CA3 (Simons
et al. 2011; CA1, Fig. 3D; CA3, Fig. 3E). Interestingly, the
A1R-mediated increase in synaptic efficacy was also accompanied
by a coincident increase in the volume of spines on CA2 pyrami-
dal neurons (Fig. 3B,C). Finally, caffeine administered orally to
rats, in doses comparable to those consumed by humans, also po-
tentiated basal synaptic transmission in area CA2 with no effect
on synaptic responses in area CA1 (Fig. 3F–I). Thus, even when
the brains were subsequently removed and prepared for in vitro
electrophysiological recordings, the effects of caffeine were ap-
parent. This study was the first to demonstrate a selective en-
hancement of basal synaptic responses at CA2 synapses in vitro
following oral administration of physiologically relevant doses
of caffeine in vivo.
Consistent with the finding that calcium levels are severely
restricted in CA2 pyramidal cells, there is no evidence that
calcium-dependent pathways are required for the A1R-mediated
potentiation observed in CA2 (Simons et al. 2011). Instead, the
potentiation is sensitive to inhibitors of adenylyl cyclase or pro-
tein kinase A, which is suggested by the enrichment of the
calcium-independent adenylyl cyclases 5 and 6 present in CA2
(Visel et al. 2006; Lein et al. 2007). Thus, endogenous adenosine
and physiologically relevant concentrations of caffeine are likely
to play an important role in regulating synaptic activity in CA2
to modulate cognitive function. Moreover, these results also pro-
vide further evidence that CA2 is a distinct module of the hippo-
campal circuit with unique cellular properties.
Role for CA2 in learning and memory
Information transfer through the hippocampal circuit is critical
for the formation of new memories. The finding that LTP is
not normally expressed in SC inputs to CA2 suggests, however,
that either the SC to CA2 pathway is a stable component of
the hippocampal trisynaptic circuit not required for memory for-
mation or that memories requiring the SC to CA2 pathway can
be formed only under very specific conditions. Consistent with
the latter possibility and as noted above, several stimuli, includ-
ing vasopressin and caffeine, are capable of potentiating SC syn-
apses in CA2 (Zhao and Dudek 2010; Simons et al. 2011; Zhao
et al. 2011). Given that both caffeine and vasopressin influence
social behavior (Wersinger et al. 2002; Prediger and Takahashi
2005; DeVito et al. 2009), we support the proposal of DeVito
et al. (2009) that regulation of plasticity at CA2 synapses may
play a role in some forms of social memory, such as social
recognition.
Although early reports suggested a diffuse distribution of
Avpr1b mRNA across many different brain areas (Barberis and
Tribollet 1996; Vaccari et al. 1998; Hernando et al. 2001), a
more recent mRNA expression study using probes directed to 5′
or 3′ untranslated regions of the Avpr1b mRNA showed that
Avpr1b is largely expressed in CA2 pyramidal neurons (Young
et al. 2006; Fig. 4A), a pattern also demonstrated by the Allen
Brain Institute (Lein et al. 2005, 2007). Therefore, investigations
assessing the behavior of Avpr1b KO mice during tests of hip-
pocampus-dependent learning and memory may provide clues
as to the role of CA2 in mnemonic function. Avpr1b KO mice
have been shown to display normal sensorimotor processing
and basal levels of exploratory behavior, including normal spatial
memory (Wersinger et al. 2002), a function closely linked to the
hippocampus and associated structures. Interestingly, Avpr1b KO
mice show significant impairments on tasks that assess social rec-
ognition memory (Wersinger et al. 2002; DeVito et al. 2009). In
particular, when tested for overall levels of sociability, Avpr1b
KO mice show no preference for a chamber containing another
mouse vs. one which contained nothing at all. This is in contrast
to wild-type littermates which display a strong preference for
chambers containing familiar animals. Moreover, when tested
for social novelty, Avpr1b KO mice fail to discriminate between
novel and familiar mice, a discrimination that wild-type animals
canmake easily (DeVito et al. 2009; Fig. 4B). Taken together, these
findings suggest that Avpr1b plays a critical role in mediating so-
cial memory.
The role of Avpr1b, and by extension, area CA2, in social
behavior could have been predicted based on the long history of
work supporting the role of vasopressin in social behavior (Lee
et al. 2009). Unexpectedly, however, Avpr1b KOmice were report-
ed to have impairments in memory for the temporal order of ob-
jects, asmeasured using the “what–where–when” task (Dere et al.
2005). Although Avpr1b KO mice could distinguish between ob-
jects they had explored previously and could remember where
in the arena they had encountered certain objects, they were im-
paired in their ability to remember the temporal order in which
objects were presented to them relative to wild-type controls
(DeVito et al. 2009). As a follow-up experiment, the authors
probed memory for temporal order using an object–trace–odor
task. During the task, animals were trained to dig in a cup filled
with scented sand only when the odor of the sandmatched a spe-
cific target object that animals had encountered a few seconds ear-
lier. Although wild-type mice learned such temporal associations,
Avpr1b KOmice did not; performance for these mice was at or be-
low chance levels (DeVito et al. 2009). These findings indicated
that Avpr1b KO mice are impaired in memory for temporal order
in addition to their deficits in social behavior. Furthermore, given
Synaptic plasticity in hippocampal CA2
www.learnmem.org 395 Learning & Memory
 Cold Spring Harbor Laboratory Press on February 19, 2020 - Published by learnmem.cshlp.orgDownloaded from 
the apparent selective expression of Avpr1b in CA2, these findings
implicate CA2 in social memory and memory for temporal order.
Further insight into the function of CA2 may be gained by
observing the behavior of mice with deletion of a specific gene
in CA2, RGS14. As noted above, RGS14 is highly expressed in
area CA2 (Fig. 4C), and deletion of RGS14 reveals a nascent ability
to induce LTP in CA2 (Lee et al. 2010). Not surprisingly, therefore,
RGS14KOmice showed enhanced spatial learningwhen tested us-
ing the Morris water maze. Although the time required to locate a
submerged hidden platform was similar for both wild-type and
RGS14 KO mice on the first day of training, escape latencies
were significantly faster on each successive training day for
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RGS14KOmice than for wild-type controls (Fig. 4D). Performance
on subsequent probe trials conducted after training, however, was
identical for RGS14 KO mice and controls, indicating that both
groups of animals had, indeed, learned the task. In addition,
RGS14 KO mice showed enhanced object recognition memory.
Specifically, RGS14KOmice could discriminate between a familiar
object and a novel object significantly better than wild-type con-
trol animals. Based on the findings from both RGS14 KOmice and
Avpr1b KOmice, we hypothesize that area CA2 may play a signifi-
cant role in socialmemory, object recognitionmemory andmem-
ory for temporal order.
A comparison of memory phenotypes for Avpr1b KO mice
and RGS14 KO mice raises an important question as to why
Avpr1b KO mice show no deficit in spatial learning while RGS14
KO mice show enhanced spatial learning. Both the absence of
RGS14 and the stimulation of Avpr1b permits induction of lasting
plasticity at the SC synapse in CA2, suggesting that activation of
Avpr1b and deletion of RGS14would have similar effects onmem-
ory performance. One possible explanation is that the two pro-
teins are differentially distributed between proximal and distal
CA2 dendrites where the two primary glutamatergic inputs form
synapses. However, the subcellular distribution of RGS14 and
Avpr1b is currently unknown.
SC synapses are restricted mainly to the proximal dendrites
of CA2 pyramidal cells, whereas afferents originating from the
superficial layers of the entorhinal cortex contact the distal den-
drites of CA2 neurons (Niimi et al. 2007; Nishimura-Akiyoshi
et al. 2007; Chevaleyre and Siegelbaum
2010), and these inputs have been shown
to provide strong excitatory drive to area
CA2 (Chevaleyre and Siegelbaum 2010).
As noted above, CA2 is the only site in
the hippocampus where afferents origi-
nating from both layers II and III of the
entorhinal cortex converge, and stimula-
tion of either of these pathways evokes
large amplitude excitatory synaptic re-
sponses in CA2 pyramidal cells (Cheva-
leyre and Siegelbaum 2010). In
addition, high-frequency stimulation of
either the layer II or the layer III input
to CA2 evokes robust LTP at synapses in
the distal dendrites. This is in contrast
to the lack of activity-dependent LTP at
SC synapses to the proximal dendrites
of CA2 neurons. Furthermore, layer III
stimulation is sufficient to evoke pop-
ulation spikes in CA1 disynaptically
through CA2 but not monosynaptically
via temporoammonic inputs to CA1
(Chevaleyre and Siegelbaum 2010).
Thus, entorhinal cortical output is suffi-
cient to drive CA2 neurons to fire, which,
in turn, induces spiking in CA1 neurons.
These findings indicate that area CA2 is
well-poised to strongly influence hippo-
campal output by modulating the firing
of CA1 pyramidal cells.
The trisynaptic circuit has tradition-
ally been thought of as the primary route
of sensory information flow through the
hippocampus, and accordingly, each
component of the circuit is required in
different ways for memory formation.
For example, mice with CA3 silenced by
the selective expression of tetanus toxin
light chain (TeTX) show impairments in contextual fear condi-
tioning and a reduction in the spatial tuning of CA1 place cells
(Nakashiba et al. 2008). Interestingly, however, CA3-TeTX mice
were still capable of forming some types of spatial memories.
Thus, although CA3 inputs to CA1 assist in the spatial tuning of
CA1 pyramidal neurons and are important for contextual fear
conditioning, they are not critical for the spatial memory func-
tions of the hippocampus. Nakashiba et al. (2008) speculated,
based on these findings, that the temporoammonic input to
CA1 was sufficient to support spatial memory formation in
CA3-silenced mice. An alternative and, in our view, equally likely
explanation is that CA2 provides an alternate route of informa-
tion transfer, either as a compensatorymechanism or as a separate
system that bypasses CA3 altogether (Chevaleyre and Siegelbaum
2010). Furthermore, lesion studies support this hypothesis (for re-
view, see Jones and McHugh 2011).
Interestingly, CA2 is also a primary target of glutamatergic
inputs originating from the hypothalamic SuM (Kocsis and
Vertes 1994; Magloczky et al. 1994; Borhegyi and Leranth 1997;
Pan and McNaughton 2004; Soussi et al. 2010). SuM activity has
been shown to increase the frequency and amplitude of hippo-
campal u oscillations (Vertes 1981; Kirk and McNaughton 1993;
Oddie et al. 1994). Thus, decreased u oscillation frequency and
amplitude may partly explain the deficits in memory consolida-
tion found upon inactivation of the SuM (Pan and McNaughton
1997; Shahidi et al. 2004a). In addition, SuM terminals express a
number of neuroactive peptides, including cholecystokinin,
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gene in area CA2 determined using in situ hybridization in a sagittal section of mouse brain. (Image
source: Allen Brain Atlas, http://mouse.brain-map.org.) Arrows point to the borders between CA2
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from Lee et al. (2010).
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substance-P, neuropeptide Y, and vasoactive intestinal polypep-
tide (Greenwood et al. 1981; Gall and Selawski 1984; de Quidt
and Emson 1986; Seroogy et al. 1988; Borhegyi and Leranth
1997), that may regulate synaptic transmission in CA2 in a
manner similar to vasopressin or adenosine or modulate local
inhibitory responses. Most notably, substance P-expressing SuM
efferents target only CA2 in the rat (Borhegyi and Leranth
1997), and bath-applied substance P has been shown to enhance
synaptic responses in CA1 (Langosch et al. 2005). In addition,
substance P increases GABA release by acting on neurokinin-1
receptors, thereby enhancing local inhibitory responses in the
hippocampus (Ogier and Raggenbass 2003) and entorhinal
cortex (Stacey et al. 2002). Interestingly, methods of inducing
mild stress, such as exposure to an elevated plus maze (Silveira
et al. 1993) or immobilization (Choi et al. 2012), have been shown
to activate neurons in the SuM, presumably resulting in the re-
lease of substance P fromSuM terminals inCA2. The effects of sub-
stance P on the physiology of CA2 pyramidal neurons are
currently unknown.
The anatomical and physiological findings described above
highlight the potential role of CA2 in cognitive and mnemonic
function. Because CA2 receives afferent drive from both CA3
and the entorhinal cortex and has CA1 as its primary output,
area CA2 has the potential to influence all forms of hippocampus-
dependent learning and memory. In addition, modulatory influ-
ences from the SuM may influence forms of memory related
to stress.
Area CA2 looking forward
The hippocampus is undoubtedly one of the most widely studied
anatomical structures in the mammalian brain, and there is little
debate regarding its importance in mediating certain forms of
learning, memory, and cognition. Nevertheless, despite advances
in understanding area-specific function, only recently has the pre-
cise molecular delineation of the borders that divide various hip-
pocampal subfields been described (Zhao et al. 2001; Lein et al.
2007). Because area CA2 has been largely overlooked when com-
pared to neighboring regions, it remains a poorly understood
component of the hippocampal circuit. Based on the unique
physiology and connectivity inherent to area CA2, it is becoming
increasingly clear that many current theories of hippocampal
function will need to be revisited to account for the potential im-
pact of area CA2 on certain forms of hippocampus-dependent
learning and memory. Throughout this review, we have high-
lighted a number of ways that CA2 differs from other subfields
in the hippocampus. In our view, SC synapses in CA2 may resist
induction of canonical activity-dependent LTP in order to incor-
porate a number of atypical signaling molecules and modulatory
systems required for optimal sensory and mnemonic processing
by the hippocampus.
Numerous parallels can be drawn between the plasticity-
limiting molecules enriched in CA2 and those found in other
plasticity-resistant regions of the brain. For example, a key compo-
nent of the extracellular matrix, a chondroitin sulfate proteogly-
can that increases during development and is regulated by
visual experience (Lander et al. 1997), is highly enriched in CA2
(Bruckner et al. 2003). Interestingly, destruction of this matrix
has been reported to “reactivate” plasticity at ages extending be-
yond most critical periods (Pizzorusso et al. 2006) and to increase
dendritic spine motility (Oray et al. 2004). Importantly, however,
continued study of CA2 may also provide powerful insight into a
diverse array of novel signaling molecules necessary to modulate
the capacity for synaptic plasticity across different brain regions
at different developmental stages.
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